Abstract. Simultaneous in situ measurements of the long-lived trace species N20, CH4, CFC-12, CFC-113, CFC-11, CC14, CH3CC13, H-1211, and SF6 were made in the lower stratosphere and upper troposphere on board the NASA ER-2 high-altitude aircraft during the 1994 campaign Airborne Southern Hemisphere Ozone Experiment/Measurements for Assessing the Effects of Stratospheric Aircraft. The observed extratropical tracer abundances exhibit compact mutual correlations that show little interhemispheric difference or seasonal variability except at higher altitudes in southern hemisphere spring. The environmental impact of the measured source gases depends, among other factors, on the rate at which they release ozone-depleting chemicals in the stratosphere, that is, on their stratospheric lifetimes. We calculate the mean age of the air from the SF 6 measurements and show how stratospheric lifetimes of the other species may be derived semiempirically from their observed gradients with respect to mean age at the extratropical tropopause. We also derive independent stratospheric lifetimes using the CFC-11 lifetime and the slopes of the tracer' s correlations with CFC-11. In both cases, we correct for the influence of tropospheric growth on stratospheric tracer gradients using the observed mean age of the air, time series of observed tropospheric abundances, and model-derived estimates of the width of the stratospheric age spectrum. Lifetime results from the two methods are consistent with each other. Our best estimates for stratospheric lifetimes are 122 + 24 years for N2 ¸, 93 + 18 years for CH4, 87 + 17 years for CFC-12, 100 + 32 years for CFC-113, 32 + 6 years for CC14, 34 + 7 years for CH3CC13, and 24 + 6 years for H-1211. Most of these estimates are significantly smaller than currently recommended lifetimes, which are based largely on photochemical model calculations. Because the derived stratospheric lifetimes are identical to atmospheric lifetimes for most of the species considered, the shorter lifetimes would imply a faster recovery of the ozone layer following the phaseout of industrial halocarbons than currently predicted.
not fast compared to vertical transport in the tropics. A number of tracer observations made from satellite [Trepte and Hitchman, 1992; Randel et al., 1993] , high-altitude aircraft [Murphy et al., 1993; , and the space shuttle [Michelsen et al., 1995] have suggested that the surf zone does not extend deep into the tropics. Volk et al. [1996] used differences between observed tropical and midlatitude correlations to deduce an average timescale for horizontal entrainment from the midlatitudes into the lower tropical stratosphere of 13.5 months, of the order or somewhat longer than the timescale for tropical ascent. Similar mixing times have been deduced from a combination of satellite and aircraft tracer data by Minschwaner et al. [1996] and Hall and Waugh [1997] . Plumb [1996] examined the opposite limit to global mixing, a "tropical pipe" model consisting of northern and southern hemispheric extratropical surf zones separated by an isolated tropical region, that is, excluding horizontal mixing into the tropics. In that model, an equation similar to (4) holds for the extratropical regions, with two important modifications [Plumb, 1996] : First, the flux through an isopleth is in general no longer completely diffusive but contains additional components representing the net detrainment flux from the tropics to the midlatitudes [Plumb, 1996, equation (13)]. However, this net detrainment vanishes at the tropopause, and the flux becomes purely diffusive there. Second, vertical tracer gradients and effective diffusion coefficients at the extratropical tropopause may differ between the hemispheres, and thus at the tropopause, where Z0 is the tropopause mixing ratio and the suffixes N and S denote the northern and southern extratropical surf zones, respectively. Plumb [1996] further showed that (5) may be split into two equations, separately relating the vertical gradient dz/dZ in each extratropical region to the portion of the flux influencing each hemisphere. Similarly, for two long-lived tracers, (3) holds separately for the two hemispheres, relating the correlation slope in each hemisphere to the ratio of their (stratospheric) hemispheric lifetimes. Finally, if the correlation slopes in both hemispheres do not differ much from each other, (3) applied at the tropopause using an average correlation slope is likely to be a good approximation for the ratio of the global stratospheric lifetimes [Plumb, 1996] .
In order to account for the fact that the tropics are in reality not completely isolated [Availone and Prather, 1996; Minschwaner et al., 1996; Volk et al., 1996], one might extend the "tropical pipe" model to include horizontal entrainment from the midlatitudes into the tropics, as described by Volk et al. [1996] . The modifications to (4) in this "leaky pipe" model consist of yet another nondiffusive flux component representing the net entrainment into the tropics. However, this flux vanishes at the tropopause as long as mixing ratios of long-lived tracers are continuous across the tropopause, which can be considered a safe assumption. (The explicit mathematical justification for this statement proceeds in analogy to the derivation of Plumb's [ 1996] equation (13), with an additional flux term that vanishes if mixing ratios approaching the tropopause from both sides equal each other. ) We note, however, that these nondiffusive fluxes above the tropopause generally cause inherent curvature in tracer-tracer correlations. In the idealized "global mixing" model described by Plumb and Ko [1992] , two tracers are linearly correlated in any region of the stratosphere if their global fluxes are either constant or proportionally related with each other within that region; this applies, for example, to species in steady state with negligible local sources or sinks. In the "tropical pipe" and the more realistic "leaky pipe" models, however, linear correlations require in addition that the nondiffusive entrainment and detrainment fluxes across the tropical/midlatitude boundary in each hemisphere be either constant within the region of interest or change proportionally to the global fluxes for both species, neither of which there is reason to assume. Curvature in
•orrelations may thus be expected even in the absence of local chemical sinks or growth. In summary, the conclusions of Plumb [1996] are not undermined in the more realistic case of substantial, but incomplete, isolation of the tropical region. Equation (5) holds at the tropopause (but only there) if the tracer is in slope equilibrium at and just above the extratropical tropopause in each hemisphere. Equation (3) holds at the tropopause if, in addition, the interhemispheric difference between the extratropical correlation slopes is small. Note that the global tracer fluxes through the tropopause are related to extratropical vertical gradients; no information about tropical mixing ratios is needed. Finally, note that, for reasons discussed by Plumb [1996] , the vertical gradients should be derived from data taken during the winter half year that dominates net transport.
Global Fluxes and the Mean Age of the Air
The transit time of an air parcel since its entry to the stratosphere has been termed the "age" of stratospheric air [Bischof et al., 1985; Schmidt and Khedirn, 1991] . Hall and Plumb [1994] pointed out that, due to the diffusive nature of stratospheric transport, air parcels are not characterized by a unique age, but are composed of many components with different ages. Each air parcel then may be associated with a spectrum of the ages of its irreducible elements. In fact, Hall and Plumb [1994] identified this age spectrum with the Green's function of the continuity equation for a conserved tracer, such that the mixing ratio Z'(x,t) of a conserved tracer at location x = (latitude, longitude, altitude) and time t in the stratosphere is given by
Z(x, t)= •Zo(t-t')G(x,t')dt'
o where G(x,t') is the age spectrum at location x and Zo(t) is the mixing ratio at the point of entry to the stratosphere, usually identified with the tropical tropopause. While the age spectrum is not directly accessible from observable quantities, its first moment, the mean age (or simply "age"), F( x )= It' G(x,t')dt' ,
o is readily identified with the lag time between stratospheric and tropospheric mixing ratios of a linearly growing, conserved tracer [Hall and Plumb, 1994 ]. We will hereinafter refer to such tracers as "chronological tracers."
In the following, we will make variable use of the concepts of age spectrum and mean age. One central assumption will be that there exists a unique functional relationship at and just above the extratropical tropopause between the mean age of an air parcel and its mixing ratio of a long-lived tracer. Since mean age is a unique function of the mixing ratio of a chronological tracer, this is equivalent to requiring universal correlations between chronological and long-lived tracers. If the dynamical prerequisites for slope equilibrium are given, such as the predominance of quasi-horizontal mixing over vertical transport, then chronological tracers as well as tracers with spatially uniform sinks are theoretically in exact slope equilibrium. (This can be verified from the slope budget analysis of Plumb [1996, Appendix] ). Spatially varying sinks, however, generally cause deviations from slope equilibrium (and thus noncompact correlations), unless they act on timescales much slower than horizontal mixing timescales. Moreover, even if both tracers are in slope equilibrium, interhemispheric differences in stratospheric transport can result in interhemispheric differences in tracertracer correlations [Plumb, 1996] .
In how far correlations between chronological and long-lived tracers are universal in practice will be discussed in more detail in the next section by examining the observations. For the moment, we require a slightly less stringent condition, namely that there exist functional relations z(F) between tracer mixing ratio and mean age just above the extratropical tropopause in each hemisphere separately, but with equal gradients dz/dF at the tropopause. We can then rewrite (5) In order to make practical use of (8), the term in parentheses on the right hand needs to be evaluated. This term can be eliminated by considering (8) for a chronological tracer, that is, a conserved tracer whose tropospheric time history is given by b t<0
For large t then, the mixing ratio anywhere in the stratosphere is Z(x,t)=b'(t-F(x))
where stratospheric transport is assumed to be stationary in the annual mean, such that the mean age at a given location is independent of time. The net flux through the tropopause of a conserved tracer must be balanced by its accumulation rate above the tropopause, thus the left-hand side of (8) A new instrument on board the ER-2, the Airborne Chromatograph for Atmospheric Trace Species (ACATS-IV) measured CFC-11, CFC-12, CFC-113, CC14, CH3CC13, H-1211, and CH 4 once every 3 min, and N20 and SF 6 once every 6 min. ACATS-IV is a four-channel gas chromatograph with electron capture detection (GC/ECD). The instrument is described by Elkins et al. [1996a] . Data reduction methods, corrections for detector nonlinearity and internal contaminations, and the instrumental precision determined for each flight and compound are discussed in detail by . The precision uncertainties improved during the course of the mission and were generally less than 3% (1 s.d.) [cf. Elkins et al., 1996a, Table 2 ]. The accuracy of the calibration is set by the accuracy of the standard mixtures used in-flight. These bulk standards are referenced to gravimetric standards prepared at our laboratory in Boulder, with an accuracy of less than 2%. Note, however, that the uncertainty in the absolute calibration scale does not affect the lifetime determination with the use of (3) and (4) as long as all tracer data used to derive the vertical gradient and the global burden are referenced to the same calibration scale.
During ASHOE/MAESA, ACATS-IV provided data on 22 flights, each typically lasting 8 hours. The instrument was configured to measure SF6 and H-1211 only during the last deployment; quality data for these species are thus only available for the last 7 and 8 flights, respectively, between October 13 and November 4, 1994.
The ASHOE/MAESA observations constitute the most extensive data set ever reported for the species measured by ACATS-IV, spanning latitudes from 60øN to 70øS during northern hemisphere spring and fall, and southern hemisphere fall, winter, and spring. The observations also comprise the first real-time in situ measurements of CC14, CH3CC13, H-1211, H2, and SF 6 in the stratosphere.
High . ATLAS and ACATS-IV N20 measurements agreed well within their respective uncertainties. Because ACATS-IV sampled N20 only every 6 min, we will use ATLAS data in the analysis presented here. The data were averaged into 10-s intervals synchronous with the ACATS-IV sampling times.
Observed Tracer Correlations
As expected, mixing ratios of long-lived tracers measured during ASHOE/MAESA are generally well correlated throughout the lower stratosphere. In the following discussion, we will distinguish between the terms "compactness" and "universality" of correlations. "Compactness" shall be used here as a qualifter for any given correlation diagram and simply signify that the scatter of a correlation curve is small. "Universality," on the other hand, shall indicate compactness on a wide temporal and spatial scale, meaning little scatter in a correlation diagram containing data from all seasons and from a large spatial region (here generally the extratropical lower stratosphere, unless otherwise specified).
Although tracer correlations obtained in individual regions of the lower stratosphere are mostly compact, they are not necessarily universal over all latitudes. Tropical correlations between some tracers are observed to differ from midlatitude correlations because rapid horizontal mixing does not penetrate into the tropics . These deviations have already been discussed. More generally, slope equilibrium and thus the universality of tracer correlations break down where horizontal mixing is not fast compared to either local sources and sinks or vertical transport [Plumb and Ko, 1992] . In the former case the tracer distribution is influenced by local chemistry, while in the latter the effects of remote chemistry are communicated by vertical transport too fast to be horizontally homogenized. For the species considered here, with the exception of H-1211, the bulk of the removal occurs in the middle and upper stratosphere; local chemistry in the lower midlatitude stratosphere is very slow and should thus not be of concern. Hall and Prather [1995] examined the correlation between N20 and a chronological tracer in a three-dimensional transport model and found departures from universality, even in the lower midlatitude stratosphere. This could be an indication that the dynamical prerequisites for slope equilibrium are not met even in the lower stratosphere. However, the model used in that study has rather low resolution such that the nonuniversal correlations could also be due to a blurring of the tropical/extratropical differences in tracer structure over a wider latitude band.
The spatial and temporal range of the ASHOE/MAESA data allow us to examine the universality (or lack thereof) of tracer correlations in the real stratosphere, and thus to test whether the assumptions made in the derivation of (3) and (14) apply. In particular, we seek to establish that (i) the long-lived tracers considered exhibit universal correlations with each other in each hemisphere, (ii) that the same holds for correlations of a chronological tracer with these long-lived tracers such that their mixing ratios are uniquely correlated with mean age, and (iii) that interhemispheric differences in all correlation slopes are small. We reemphasize that these prerequisites need be met only in a thin (but finite) layer above the extratropical tropopause. The eventual breakdown of the correlations' universality at some higher altitude or in the tropics would not undermine the validity of (3) and (14).
We consider only extratropical data throughout this paper. The tracer pair most suitable for inspection is CFC-11 and N20, both of which were measured with high precision throughout the mission. We examine the extratropical CFC-11-N20 correlation for each hemisphere and each deployment of ASHOE/MAESA in Figure 2 .
There is no detectable interhemispheric difference in March/April nor a detectable transience of the southern hemispheric correlation from April through July. All the data from the first three deployments (Figures 2b-2e) Figure 3 shows the correlation between H-1211 and N20 for both hemispheres during October/November 1994. There is no evidence for interhemispheric differences at the lower O levels. As in the case of CFC-11 versus N20, however, a departure from universality is observed in the southern hemisphere at higher altitudes. The deviating correlation could be separated best by dividing the southern hemispheric data along the 460 K isentrope instead the 475 K isentrope. The fact that departure from universality is observed already at this lower O level is consistent with the influence of local chemistry at lower altitudes for H-1211 than for CFC-11. Another indication of significant local chemistry is that the correlation exhibits noticeable curvature already at low altitudes. The correlation is nonetheless remarkably compact just above the tropopause, and interhemispheric differences there are small. Seasonal variations cannot be examined since H-1211 was not measured until the last deployment. However, because of the similar behavior of H-1211 and CFC-11 during the fourth deployment, it is fair to assume that seasonal variations of H-1211 with respect to N20 at low altitudes will be similarly small as for CFC-11. is an essentially conserved tracer whose decline with altitude in the stratosphere is due not to photochemical loss, but to tropospheric growth. As will be discussed in section 4.1, SF 6 is very close to being a truly chronological tracer. Linear growth has the same effect on tracer distributions as a spatially uniform sink; the effective sink structure of SF 6 thus differs drastically from that of the long-lived tracers whose sinks are essentially confined to the tropics. One might therefore expect larger departures from universality in correlations of long-lived tracers with SF 6 than in correlations between long-lived tracers. Figure 4 shows the correlations between SF 6 and N20, CFC-11, and H-1211 during October/November 1994 separated by hemisphere; the southern hemisphere data are again divided along the 475 K isentrope. Two features in these correlations deserve notice. First, the southern hemisphere mixing ratios of all three tracers in Figure 4 above 475 K are lower than the mixing ratios below 475 K for a given SF6 mixing ratio. This departure from universality is the same as already identified in the correlations between the long-lived tracers. Another feature, not present for the correlations between long-lived tracers, is an interhemispheric asymmetry, most pronounced for the N20-SF 6 correlation, less so for CFC-11 versus SF 6, and least pronounced for H-1211 versus SF 6. The observed asymmetry is greatest in the lower altitude range (0<475 K), where SF 6 values in the northern hemisphere are up to 5-10% higher than in the southern hemisphere on a given N20 surface.
Correlations of long-
One explanation for this interhemispheric difference might be that it is driven by the tropospheric interhemispheric asymmetry for SF 6 of approximately 10% [Geller et Our main concern here are the interhemispheric differences of the correlation slopes at the tropopause that were assumed to be small in the derivation of (14). The largest differences would occur if the hemispheric correlations immediately diverge upward from the tropopause, in which case the hemispheric correlation slopes at the tropopause would differ by about 20% for N20 versus SF 6 and less for the shorter-lived compounds versus SF 6.
Even if it were present in the annual mean, a difference of this magnitude would not introduce a sizable error into the lifetime calculation, as discussed in section 2.2.
Methods
Although the derivation of stratospheric lifetimes from the observations by use of the concepts outlined in section 2 appears to be a fairly straightforward matter, there are some major difficulties to overcome in practice if the results are to be anything more than a rough estimate. Particular attention is required by the fact that the species considered are not in steady state, but generally nonlinearly growing in the atmosphere. This section will describe in detail the steps necessary in order to apply (3) and (14) to the observations at hand.
Mean Age of the Air Calculation
The ideal tracer for the determination of the mean age of a stratospheric air parcel is completely conserved in the stratosphere and exhibits tropospheric growth that is large, linear, and accurately known. Tracers used to derive the age are CO2 
Although the nonlinearity of the SF6 time series is small, it causes the true age F to systematically differ from this lag time. We describe here a more general method for calculating the mean age from a conserved, quadratically growing tracer, and then examine the magnitude of the difference between the mean age and the lag time. Consider a tropospheric time series of the form
Zo( t )= a +b .(t-to)+c .(t-t0) 2 . (17)
Substituting Z0 into (6) and using (7) yields In passing, we note that (18) might in principle serve to infer the spectral width A from a sufficiently nonlinearly growing conserved tracer if the mean age Fis already known, for example, by means of (16) from observations of a true chronological tracer. Here, however, our goal is to approximate A in order to derive the age from (18), which takes into account the nonlinearity of the tropospheric time series of SF 6. In the onedimensional global diffusion limit, Z is uniquely related with F, and ttierefore A in (18) improving with time to about 0.04 ppt (corresponding to an age uncertainty of 2-3 months) during the last few flights. The systematic uncertainty in the inferred age resulting from the uncertainty in A (0.5 years) is comparable to the precision of the age values. Also shown is the lag time, that is, the age derived from the simpler relation (16), ignoring the nonlinearity of the SF 6 time series. The difference between the mean age and the lag time becomes significant for air older than 3-4 years and approaches 0.5 years for the oldest air (F= 6 years) measured.
X( x,t ) = Xo(t-F( x ))+ 2cA2( x )
(
Determination of Correlation Slopes
Equations (3) and (14) require knowledge of the gradient with respect to age (dz/dF) and the slope of the correlation between two species (dx1/dx2), respectively, at the extratropical tropopause. Long-lived tracers are generally well-mixed in the troposphere, with moderate gradients away from surface sources for growing species [Prather et al., 1987; Plumb and McConalogue, 1988 ] and a small roll-off toward the tropopause due to mixing with stratospheric air [Tuck et al., 1997a] . Tracer gradients at the tropopause are therefore discontinuous in theory and poorly defined in practice. Of concern here are the gradients at the tropopause as it is approached from the lower stratosphere above. The task at hand is thus to determine the slope of a stratospheric correlation curve at its very endpoint, a straightforward matter only if the correlation is known to be strictly linear over some range above the tropopause.
While the "global mixing" model described by Plumb and Ko [ 1992] predicts a linear correlation between two species in steady state in the absence of local sources or sinks, this is not generally the case for the tropical pipe model [Plumb, 1996] and the more realistic "leaky pipe" model, as discussed in section 2.1. Changes in the fluxes across the tropical/midlatitude boundary are expected to result in curvature in the correlations in the respective region of the stratosphere. Apart from these deviations from linearity induced purely by transport, curvature generally results either from local sources and sinks or local growth causing vertical gradients in the global fluxes. For the tracers considered here, local chemistry should be a factor in the vicinity of the tropopause only for H-1211. The dominant factor causing curvature in correlation diagrams for most species is likely to be tropospheric growth. The magnitude of the curvature introduced depends on the contribution of growth to the global tracer flux through a given isopleth; that is, long-lived species are more affected than shorter-lived ones with identical growth rates. In the case of SF 6, the global flux is exclusively due to growth; therefore, correlations between long-lived tracers and SF 6 (and thus mean age) show the largest curvature. Because of the exponential decline of air density with altitude, the greatest curvature is generally introduced at the lowest altitudes, that is, just above the tropopause, which complicates the slope determination at the tropopause.
Our goal is to determine the slopes at the tropopause of the correlations of the long-lived tracers with age ( Figure 6 ) and with CFC-11 (Figure 7) . All available extratropical observations from ASHOE/MAESA are combined in these correlation diagrams, with the following exceptions. First, we exclude southern hemisphere data above (9 = 475 K in October 1994 that we believe indicate a seasonal departure from universality, as discussed in section 3.2.1. These high-altitude observations are located at the far end of the correlation diagrams and are thus of little relevance for the slopes to be determined. Second, no observations below the tropopause are included as any vertical --.
-25 _x. The determination of the slope of a correlation diagram at its endpoint is a difficult task once curvature occurs and the functional form of the correlation is not a priori known. When deriving the slope from an analytical curve fit to the correlation diagram, the greatest bias is introduced at the endpoints if the actual correlation does not adhere to the prescribed functional form. Nonparametric fitting and smoothing routines avoid this problem, but usually perform poorly at the endpoints if they provide endpoint values at all. These difficulties are inherent to the nature of the problem, and no approach will be completely free of bias.
Our strategy here is to address the endpoint problem in the space of the quantity of interest, that is, the slope of the correlation curve, as to not obscure bias that might occur. Figures 6 and  7) . The slope curves indeed exhibit increasing structure and a change in curvature for ages greater than about 4 years or CFC-11 mixing ratios smaller than about 100 ppt. This sets an upper limit to the range of observations from which a simple relation between dY/dX and X can be inferred and extrapolated to the endpoint. From a practical point of view, this range should be maximized in order to minimize the influence of noise in the slope curves that might bias the extrapolation. The choice of the relation between dY/dX and X is guided by the following considerations. The processes (mentioned above) responsible for curvature in the correlations in the lowermost stratosphere are expected to act smoothly on timescales of a few years, apart perhaps from annual cycles that are not of interest here and were smoothed out by the large window size (2 years) over which the slopes were measured. Within the age range of interest (0 to 4 years) we do therefore not expect any structure in the slope curves higher than second order. This allows for thirdorder structure in the correlation curves themselves. We fit quadratic functions to the slope curves for ages up to 3.5 years ( Figure 6 ) and CFC-11 mixing ratios corresponding to the same age range, that is, upward from 130 ppt ( Figure 7) ; the individual slope values are weighted using their uncertainties (error bars in Figures 6 and 7) as inferred from the local linear regression. Most of the slope curves displayed in Figures 6 and 7 are indeed well described by a quadratic function over the range chosen. Much of the higher-order structure that is apparent, for example, in the slope curves of Figure 7 , is systematic noise due to the nonuniform distribution of the observations in phase space and can often be recognized directly in the correlations as an outlier group of measurements. In cases where such noise created an obviously unrealistic fit curve, we slightly modified the range over which the quadratic was fit (for CH 4 versus age and CH3CC13 versus CFC-11, compare Figures 6 and 7) as to average out the noise structure. In general, however, the predicted slope values at the tropopause are not particularly sensitive to the exact choice of fit range. The uncertainties of the derived slopes at the tropopause are difficult to assess in a rigorous way as the analysis involved certain assumptions as well as subjective judgment. We estimate here only a statistical uncertainty of the extrapolated fit value at the tropopause using the bootstrap technique [Efron and Tibshirani, 1991 ] , that is, by repeating each fit many (500) times with random "bootstrap" samples of identical size, drawn with replacement from the original sample of points fitted. In deriving an uncertainty from the standard deviation of the repeated fits, one has to recall that the points fitted are not all independent because each point combines information within a range (the window size zlX) larger than the distance to its nearest neighbor. We take this redundancy into account by scaling the standard deviation of the repeated bootstrap fits by the square root of the number of points involved in each fit over the square root of completely independent points within the range of fitted values. The fit uncertainty envelopes derived in this fashion are displayed in Figures 6 and 7 .
The slopes at the tropopause (in absolute units) and their uncertainties as inferred from Figures 6 and 7 are given in Table  1 . On the basis of this analysis, the slopes at the tropopause can be constrained to within 10% or better (except 20% for CFC-113) for the correlations of long-lived tracers versus CFC-11, and to within 20 to 40% for the correlations of long-lived tracers versus age. Note that in the latter case the systematic error due to the uncertainty of A in the age calculation (compare equation (21) and Figure 5 ) is small (-2%) and was neglected in the uncertainty estimate. The large uncertainties in this case are due to the larger curvature in the correlations with age as well as the small number of age observations close to the tropopause obtained during ASHOE/MAESA. Because of these difficulties in using (22) to derive lifetimes, we will pursue a different approach of accounting for a tracer's growth, namely using the tropospheric time series and the age of the air to derive steady state gradients dor/dF at the tropopause from the observed nonsteady state gradients dz/dF, and then apply the equations valid for steady state tracers, (3) and (14), to derive steady state lifetimes. The simplest approach of relating the observed mixing ratios (Z) to those representative of a steady state situation (0r) would be to assume that the mixing ratio of a long-lived tracer in an air parcel at location x in the stratosphere is always proportional to the mixing ratio at the time of stratospheric entry of this air parcel, or more correctly (recalling that air parcels contain a mixture of air of different entry times), proportional to a mean mixing ratio of stratospheric entry given by 
Zentry(X,t )--I ZO( t -t')G(x,t')dt

Zo(t')=Zo(t).[l+b.(t'-t)+c.(t'-t) 2] (26)
it is 70 = b -2Ac.
The tropospheric time series of most any long-lived species can be approximated very well by a quadratic function over a time interval of several years. The relevant time interval over which expansion (26) needs to be a good approximation is given by the time interval spanned by the age spectrum at the tropopause, G(O,t). Although the spectral width is small at the tropopause (about 1 year, according to equation (20)), one has to recall that the age spectrum has a long tail such that long transit times contribute to the age distribution even at the tropopause. Table 1 ), the uncertainties of the growth coefficients given in Table 2 , and an assumed uncertainty of 0.5 years for A. Finally, Table 2 lists the correction factor C and its uncertainty, C being defined as (27) The uncertainties of the correction factors are due mainly to the large uncertainty of the spectral width A (taken into account by the uncertainty of A) that determines the contribution of the quadratic growth rate c to the effective linear growth rate Yo (=b-2Ac) and also determines (via equation (25)) the contribution of growth to the overall tracer gradient for a given 70. The correction factors are thus most poorly constrained for the tracers with the largest nonlinear growth rates c (CFC-113, CH3CC13) and generally less well constrained for the shorterlived tracers for which the growth contribution to the overall tracer gradient depends more heavily on the width of the age spectrum.
The uncertainty in the steady state gradient /!0 is mostly dominated by the uncertainty of the observed gradients with respect to age ( Table 1) The slopes derived in the previous sections provide information about the integrated stratospheric sinks. To calculate stratospheric lifetimes, global burdens need to be known (equations (3) and (14) ). Because 80% of the atmospheric mass resides in the troposphere, the ratio of global burdens of two long-lived tracers in (3) may be roughly (to within --10%) approximated by the ratio of their tropospheric mixing ratios, as suggested by Plumb and Ko [1992] . This approximation is particularly useful if the species' mixing ratios decline at similar rates in the stratosphere. For the sake of the highest accuracy and since we require the absolute burdens in (14), we will here explicitly calculate global burdens, corresponding to a steady state with tropospheric mixing ratios as observed in October The accuracy of the calculation is then determined by how consistent the assumed tropospheric mixing ratios are with the stratospheric observations used to derive the correlation slopes. Considering the good agreement between the upper tropospheric observations and the global surface means, we estimate this uncertainty as 2%.
We estimate that the stratospheric contribution to the global burdens (which is only of the order of 10%) was accounted for to better than 10%, such that it does not contribute substantially to the total uncertainty of the average atmospheric mixing ratios.
Results and Discussion
We finally calculate stratospheric lifetimes and lifetimes relative to the CFC-11 lifetime based on (3) and (14) and the results from previous sections as arlr:o) where the correction factors C are given in Table 2 , the average mixing ratios are given in Table 3 , the slopes at the tropopause are the ones listed in Table 1 [Reiter, 1975; Murgatroyd and O'Neill, 1980] . Table 4 summarizes the results and their uncertainties (1 s.d.), derived from the uncertainties of all inputs, as discussed in the previous sections. For the lifetime estimates based on the correlations with CFC-11, the uncertainty of the CFC-11 lifetime is not included in Table 4o The stratospheric steady state lifetimes derived here are equal to atmospheric lifetimes for all species but CH4, CH•CCI•, and H-1211o Also listed in Table 4 Table 4 [1995] . Stratospheric removal of these two species is partly, and in the case of CH 4 predominantly, due to reaction with OH, which makes calculation of their stratospheric sinks by models more complex (and thus more uncertain) than for the other species that are predominantly lost by photolysis.
Our lifetime for CFC-113 derived from either method is longer (albeit not significantly) than the one obtained for CFC-12, contrary to all model predictions. We believe this discrepancy likely reflects the limits of our ability to accurately correct for the large and highly nonlinear growth of CFC-113 in the years prior to 1994 (compare Table 2 Finally, we emphasize that in deriving the age of the air (section 4.1) from SF 6 measurements we have assumed that the stratospheric vertical decline of SF6 is driven purely by its tropospheric growth. If the influence of photochemical sinks of SF6 is nonnegligible compared to growth, the true age of the air, and hence lifetimes based on the correlation with age, would be shorter than derived here. Considering our lifetimes are mostly already shorter than calculated by other methods, this analysis is consistent with chemical sinks of SF6 slow enough as to not contribute significantly to the vertical decline of SF6 in the lower stratosphere, that is, with a SF 6 lifetime much longer than the one for N20. The methods developed here, however, cannot be used to actually derive a lifetime for SF6 since it was assumed in deriving the age of the air that SF6 is a completely conserved tracer. Use of this age in the growth correction formalism will thus necessarily return an infinite lifetime for SF6. We note that applying (3) to SF 6 without growth correction altogether, as Patra et al. [1997] do (using N20 as a reference tracer), yields not a chemical lifetime for SF 6, but a measure for its growth timescale (which is -15 years); the reason for the long "lifetime" (1937 years) obtained in the above study is that the correlation slope was not measured at the extratropical tropopause, but in the tropical middle stratosphere. In general, the correlation slope methods described here are suitable for lifetime determination only for those tracers whose decline is predominantly caused by chemical sinks, such that the contribution to the correlation slope due to growth (to be corrected for) does not exceed that due to chemical sinks.
Conclusions
The methods described here offer an independent semiempirical approach for determining lifetimes of tropospheric source gases, based directly on observed abundances. We have analyzed extratropical stratospheric observations of CH4, CFC-12, CFC-113, CFC-11, CC14, CH3CC13, H-1211, and SF 6 (measured by ACATS-IV) and of N20 (measured by the ATLAS instrument on board the ER-2) to derive stratospheric lifetimes for these species (excluding SF6). The stratospheric lifetime determines the rate at which a source gas releases ozonedepleting chemicals in the stratosphere. In addition, for species lacking tropospheric loss mechanisms (all the above except CH 4, CH3CC13, and H-1211), the stratospheric lifetime equals the atmospheric lifetime that determines species abundances for a given release history.
The semiempirical approach employed here is based on theoretical concepts predicting a relation between extratropical correlation slopes and global stratospheric sinks, provided the tracers in question are universally correlated at and just above the extratropical tropopause. The extensive observations during ASHOE/MAESA make it possible for the first time to investigate the validity of this assumption. The observed extratropical tracer abundances indeed exhibit compact mutual correlations that show little interhemispheric difference or seasonal variability except at higher altitudes in the southern hemisphere spring.
We have used two methods to infer stratospheric lifetimes from the observations. In the first method (SF6-based) absolute stratospheric lifetimes are derived from the observed gradients of the species' mixing ratios with respect to mean age at the extratropical tropopause. The mean age of the air is calculated from the ACATS-IV SF6 measurements and the tropospheric time series of SF6, correcting for nonlinearity of the latter with use of model-derived estimates of the width of the stratospheric age spectrum. In the second method (CFC-11-based), stratospheric lifetimes relative to the CFC-11 lifetime are derived from the slopes of the tracer's correlations with CFC-11 at the extratropical tropopause. The correlations considered here generally deviate significantly from linearity in the lowermost extratropical stratosphere, due to a combination of tropospheric growth, changes in the fluxes across the midlatitude/tropical boundary, and (in the case of H-1211) local chemistry. The nonlinearity of the correlations means that highly resolved measurements in the vicinity of the tropopause are required in order to accurately determine the correlation slopes at the tropopause. The use of a lower stratospheric average slope in the lifetime determination [Lee et al., 1995] would, for example, in the case of the N20 versus CFC-11 correlation, result in an error of about 25% (compare Figure 7a) in the derived lifetime.
Because the correlation methods apply directly only to tracers in steady state, we have developed a correction for tropospheric growth involving the observed global tropospheric tracer abundances during the 5 years preceding the stratospheric measurements, the observed mean age of the stratospheric air, and the width of the stratospheric age spectrum, again estimated with the help of models. While this correction in principle can accommodate nonlinear tropospheric growth (up to second order), it may severely limit the accuracy of the lifetime determination if the growth is rapid or highly nonlinear (over the relevant stratospheric timescale of about 5 years). This is evidenced here by the large uncertainty, and likely, positive bias, in our estimates for the CFC-113 lifetime. Note, however, that CFC-113 is an extreme case, with growth rates falling from -15% year -1 to zero in the 5 years prior to 1994. For the other species considered here, the corrections and thus errors due to growth are smaller.
Finally, global burdens for all the species (needed in the lifetime calculation) were calculated from global tropospheric and stratospheric observations. The two methods (SF6-based and CFC-11-based) yield consistent lifetime results for the tracers considered. The determination of absolute (SF6-based) stratospheric lifetimes in this analysis is limited by the small number of available SF 6 observations in the relevant altitude region. Although more data would certainly help to better constrain the gradient with respect to age, the large curvature in the correlations with age ( Figure 6 ) and the required knowledge of the mass above the tropopause will likely limit the accuracy of absolute lifetime determinations to about 15-20%.
We believe that relative stratospheric lifetimes can in principle be determined to within 5-10%, given a sufficient amount of precise simultaneous observations in the very low stratosphere at midlatitudes. The apparent universality of the correlations in this region suggests that a data set as extensive as the one employed here may not be required. In fact, the observations most relevant for this analysis stem from the ascents and descents of the ER-2 and constitute only a small fraction of the ASHOE/MAESA data set. The measurements needed to determine relative lifetimes accurately might thus well be generated by only a small number of flights sampling the relevant region, that is, altitudes between the tropopause and perhaps 18 km at midlatitudes. Observations from space typically lack the necessary resolution and accuracy in this altitude range.
However, the amount of relevant observations has considerably increased during the 1995-1997 Stratospheric Tracers of Atmospheric Transport (STRAT) campaign which, besides ER-2 flights, has included balloon flights providing vertical profiles of SF6 and several other tracers with a vertical resolution less than 250 m. In addition, a number of long-lived compounds other than the ones considered here have been measured from the ER-2 by whole-air sampling during STRAT. The methods described here may prove useful in improving lifetime estimates for some of those species as well.
Our best estimates for the stratospheric lifetimes of species other than CFC-11 are given in Table 5 . They are based on the where L(x,t) is an average loss factor for all irreducible elements that took transit paths with transit time t' from the point of stratospheric entry to x. We assume an annual average point of view such that L, just as the age spectrum G, is independent of time. Assessing the average loss factor L(x,t') in detail essentially requires complete knowledge of both stratospheric transport and chemistry. However, we can assert that L must be a monotonically decreasing function in t' with L = 1 at t' = 0 (no integrated loss at point of stratospheric entry). Note that because there is a unique relation between Z and the mean age F (at least in the vicinity of the tropopause that is the region of interest here), all variables in (A1) depend on x only through F(x). We therefore may use F as independent coordinate instead of x. We further define a loss function •F,t') such that L(F,t') = 1-13(F,t' )t' 
Zo(t') = Zo(t). (1 + y(t-t'). (t'-t)) . (A6)
